We have investigated the synergistic interactions of a naturally occurring peptidoglycan fragment (muramyl peptide) and bacterial endotoxin in the induction of inflammatory processes within respiratory epithelial cells, at the levels of both signal transduction events and ultimate cellular metabolic effects. The source of the muramyl peptide is Bordetella pertussis, the causative agent of the respiratory disease pertussis. 
Bacterial cell wall components are widely recognized as inflammatory mediators, especially in leukocytes. The most broadly studied inflammatory bacterial molecules are endotoxin (most notably Escherichia coli lipopolysaccharide [LPS] ) and muramyl peptides. These molecules, alone or in combination, have been observed to stimulate production of tumor necrosis factor alpha, interleukin-1␣ (IL-1␣), IL-1␤, IL-6, and nitric oxide synthase (NOS), among numerous other effects. However, there are two major features that distinguish the present study from most others involving these bacterial components.
First, the majority of work involving peptidoglycan fragments has employed N-acetylmuramyl-L-alanyl-D-isoglutamine (muramyl dipeptide [MDP] ), the minimum active fragment of peptidoglycan adjuvants and the prototypical representative of the muramyl peptide family. While this synthetic muramyl peptide is an effective replacement for peptidoglycan in immune stimulation, it is not clear that it accurately represents the effects of naturally occurring peptidoglycan fragments in other functions. Indeed, in the hamster trachea epithelial (HTE) cell system described here, MDP is completely ineffective (35) . Major differences between MDP and natural peptidoglycan fragments have been noted by others examining somnogenic activity (29, 31) or cytokine production (11) .
Furthermore, while most studies of LPS and peptidoglycan fragments have used monocytes or macrophages, we have studied the effects of these components in an epithelial cell system. Mucosal epithelium is the first site of colonization for many bacterial infections and represents an important point of nonspecific immunity. There has been little investigation of the effects of natural bacterial products on epithelial cells, particularly in combination. The disease pertussis (or whooping cough) provides a useful, albeit extreme, model for epithelial activation by natural bacterial cell wall components. The gram-negative bacterium Bordetella pertussis, the causative agent of the disease, releases a small glycopeptide toxin called tracheal cytotoxin (TCT) (17) . The structure of TCT is N-acetylglucosaminyl-1,6-anhydro-Nacetylmuramyl-(L)-alanyl-␥-(D)-glutamyl-meso-diaminopimelyl-(D)-alanine, a monomeric subunit of bacterial peptidoglycan (7) . E. coli, and presumably most gram-negative bacteria, produce this glycopeptide in the course of remodeling their peptidoglycan during growth, through the action of a transglycosylase (25) . This product is typically not detectable in the culture supernatant of growing organisms but is instead efficiently recycled back into the cytoplasm for reincorporation into the peptidoglycan biosynthesis pathway (18, 42) . However, unlike most other gram-negative bacteria, B. pertussis releases a large amount of this glycopeptide into the culture supernatant. This toxin was isolated from B. pertussis culture supernatant based on its ability to reproduce the pattern of epithelial cytopathology observed in the pertussis syndrome. When applied to explanted hamster tracheal tissue, TCT causes specific destruction of the ciliated cell population, leaving an intact epithelium denuded of cilia (17) . We have determined that the induction of type II NOS (inducible NOS [iNOS] ) is the key mechanism by which TCT causes damage: prevention of nitric oxide (NO⅐) production by specific inhibitors completely abrogates the damage caused by TCT to tracheal tissue (21) . We believe that an essential mediator in the induction of iNOS is intracellular IL-1␣, a known inducer of iNOS. The production of this cytokine is induced rapidly in tracheal tissue exposed to TCT, but it is found only in cellular lysates and not secreted into the medium (22) .
While TCT does trigger pertussis-like ciliated cell destruction in explanted tracheal tissue, the source of NO⅐ has been shown to be the cartilage cells, which are likely not the physiological source in a B. pertussis infection. We have recently reported that the combination of TCT with bacterial endotoxin is necessary to induce iNOS within the epithelium of explanted tracheal tissue, precisely reproducing the cellular responses to B. pertussis. Neither TCT alone nor endotoxin alone induces significant NO⅐ production within the epithelium (12) .
In addition to the tissue-based assay, we previously developed a more quantitative assay based on a homogeneous, nonciliated, nontransformed, proliferating epithelial cell population prepared from hamster trachea epithelium (16) . These HTE cells reflect the same mechanism of toxin action as does intact tissue: intracellular IL-1␣ is rapidly induced, followed by the induction of iNOS and the production of NO⅐ (21, 22) . Unlike the target ciliated cells of the epithelium, these cells are not destroyed per se but instead are inhibited in DNA synthesis (17) . Just as observed for the epithelium of explanted tissue, toxicity in the HTE cell model requires the combination of TCT with bacterial endotoxin (20, 22) . While TCT alone or endotoxin alone cause little effect in these cells, TCT plus endotoxin induce substantial NO⅐ production and inhibit DNA synthesis. Thus, the HTE cell model system accurately mimics the signaling requirements for epithelial activation observed in explanted tracheal tissue.
In this study, we more completely characterize the synergy between TCT and endotoxin in respiratory epithelial cells. We further desired to study the early signal transduction events induced by these two molecules and to establish the level at which the two signals combine in a synergistic manner. Our results indicate that TCT and endotoxin act in a highly synergistic manner in all examined downstream effects: induction of IL-1␣ mRNA, iNOS protein, nitric oxide production, and inhibition of DNA synthesis. The synergy between TCT and endotoxin occurs before induction of IL-1␣, but there is evidence of differential activities of the two molecules early in the signaling process. Our observations also imply that the signal transduction pathway stimulated by TCT and endotoxin includes activation of a previously uncharacterized serine/threonine protein kinase. The high degree of synergy between TCT and endotoxin represents an important difference between the responses of epithelial cells and monocytes/macrophages to natural peptidoglycan fragments.
MATERIALS AND METHODS

Materials.
TCT was purified from B. pertussis culture supernatant as previously described (6) . Murine IL-1␤ (ca. 50 U/ng) was a gift from David Chaplin, Washington University. W7, HA1004, calphostin C, and A3 were obtained from Calbiochem (San Diego, Calif. Nitrite assay. Nitric oxide production was assessed by measurement of the concentration in the culture medium of nitrite, a stable breakdown product of nitric oxide. Nitrite accumulation was assayed by mixing 100 l of culture medium with an equal amount of Griess reagent (19) . The assay product was quantitated by measuring absorbance at 562 nm with a microplate reader and by comparison against a standard nitrite curve prepared in culture medium.
Toxicity assay. Biological response to TCT-endotoxin and inhibitors was assessed by measuring inhibition of DNA synthesis by HTE cells as previously described (36) . Briefly, HTE cells were synchronized in their growth cycle by culturing in minimum essential medium (Life Technologies) supplemented with 2.5% FBS. After 24 h, this medium was removed by aspiration, and TCTendotoxin samples were added to the cells in serum-free minimum essential medium. After 4 h, [ 3 H]thymidine (ICN Pharmaceuticals, Costa Mesa, Calif.) was added directly to the samples along with serum to promote resumption of cell growth. After 26 h, DNA synthesis was assessed by scintillation counting of trichloroacetic acid-precipitable material, and NO⅐ production was assessed by the nitrite assay described above.
Since kinase inhibitors have the potential of causing general cellular toxicity, their effects were assessed using a modified HTE cell toxicity assay: the inhibitor was included with the TCT-endotoxin sample in serum-free medium; after 4 h, the sample and inhibitor were removed and replaced with [ 3 H]thymidine in serum-containing medium. DNA synthesis and nitrite accumulation were assessed as usual. For trials with calphostin C, the samples were exposed to a fluorescent light placed inside the incubator, because this drug is reported to be activated by light (4) .
Bioassay for IL-1 activity. IL-1 activity in HTE cell lysates was assessed by the method of Hill et al. (24), with minor modifications. HTE cells treated as described above ("Toxicity assay") were lysed by two Ϫ80°C freeze-thaw cycles in 50 l of fresh medium (RPMI 1640 with 10% FBS). This lysate plus 50 l of fresh medium rinse was transferred to wells containing 10 5 RINm5F cells (a rat insulinoma cell line) in 50 l of fresh medium and were incubated at 37°C (95% air-5% CO 2 atmosphere). After 24 h of incubation, 50 l of the RINm5F culture supernatant was combined with an equal volume of Griess reagent (see "Nitrite assay" above) to measure nitrite produced by the RINm5F cells as a selective response to IL-1 in the HTE lysates. IL-1 determinations were calculated by comparing these samples to a standard curve of nitrite production by RINm5F cells exposed to purified IL-1␣ (0 to 100 pg/ml).
RNase protection assay (RPA). An approximately 300-bp segment of hamster IL-1␣ was amplified by PCR from HTE cell genomic DNA using the primers 5Ј-CGGAATTCTCATCACAGGTAGTGAGACC-3Ј (EcoRI-sense) and 5Ј-GC GGATCCGGTAAACATTCATTTAGAATT-3Ј (BamHI-antisense). These primers were expected to hybridize within a single exon, based on the genomic map of human IL-1␣. A PCR product of the expected size was partially sequenced to verify its identity as hamster IL-1␣, which showed slight deviations from the corresponding human, murine, and rat sequences. The amplified product was digested with EcoRI and BamHI, ligated into pBluescript SKϩ (Stratagene Cloning Systems, La Jolla, Calif.), and transformed into E. coli HB101 by electroporation, all according to standard molecular biology techniques (2), resulting in the cloned plasmid pTF03.
Glyceraldehyde phosphate dehydrogenase (GAPDH) was used as an internal standard in some assays. In a similar manner as for IL-1␣, a small segment of hamster GAPDH was amplified using the primers 5Ј-CGGGATCCGTGAACG GATTTGGCCGTATTGG-3Ј (BamHI-sense) and 5Ј-GGGGTACCAGCCTTC TCCATGGTGGTGAAGACG-3Ј (KpnI-antisense). This fragment was cloned into the BamHI and KpnI sites of pBluescript SKϩ, resulting in pTF08.
The RPA was performed essentially according to established protocols (2), with the following specific details. To prepare the antisense IL-1␣ riboprobe, pTF03 was linearized with EcoRI, and RNA was transcribed using T3 RNA polymerase in the presence of [␣-
32 P]CTP (10 mCi/ml, 400 Ci/mmol; Amersham) and unlabeled CTP in a ratio determined to produce a probe with a calculated specific activity of ϳ40 ϫ 10 3 dpm/fmol. The GAPDH riboprobe was prepared similarly, except that the plasmid was linearized with HindIII, and RNA was transcribed with T7 RNA polymerase with a [␣- 32 P]CTP/CTP ratio which resulted in a probe activity of approximately 2 ϫ 10 3 dpm/fmol. Total RNA was prepared from treated HTE cells by using Ultraspec RNA reagent (Biotecx Laboratories, Houston, Tex.) according to the manufacturer's directions. The probe (ϳ5 fmol/sample) was hybridized with 10 to 20 g of sample RNA at 42°C for 12 to 18 h. The RNase digestion mixture contained RNase A (10 g/ml) and RNase T 1 (100 U/ml) (Boehringer Mannheim, Indianapolis, Ind.). Carrier yeast tRNA was included in the proteinase K mix. Protected fragments were separated on 5% polyacrylamide gels. Dried gels were exposed to X-ray film (Amersham) or exposed to an imaging screen to permit quantitation using a storage phosphor imaging system (Bio-Rad Laboratories, Hercules, Calif.).
RESULTS
Synergistic action of TCT and endotoxin. The toxic effect of TCT and endotoxin on HTE cells was assessed by measuring the degree of DNA synthesis inhibition and the production of NO⅐. NO⅐ has been shown to be an essential mediator of this inhibition, in that blockage of NO⅐ production with selective iNOS inhibitors completely abrogates the effects of TCT and endotoxin on DNA synthesis (21) . Synchronized HTE cells were exposed to TCT and B. pertussis LOS for 4 h in serumfree medium. Serum was then supplied to the cells along with [ 3 H]thymidine, and after 26 h the cells were assayed for thymidine incorporation and for the production of nitrite, a stable oxidation product of NO⅐. As shown in Fig. 1 , cells were exposed to a titration of TCT concentrations in combination with various amounts of LOS. Note that neither high levels of TCT without LOS nor high levels of LOS without TCT were capable of eliciting substantial effects. However, in the presence of LOS, there was an obvious synergistic interaction with TCT in both the production of NO⅐ and the inhibition of DNA synthesis.
With regard to NO⅐ production, 100 eU of endotoxin per ml was sufficient to result in maximal activity in combination with TCT, while 10 eU/ml was suboptimal (Fig. 1A) . For TCT, the maximal activity appeared to be at 3 M in combination with endotoxin; increasing concentrations of TCT beyond 10 M resulted in very little increase in nitrite accumulation (data not shown). There appears to be a relatively smooth nitrite response to the doses of both TCT and endotoxin up to their optimal concentrations.
With regard to inhibition of DNA synthesis, the increasing levels of endotoxin and TCT revealed a threshold effect, as depicted in Fig. 1B . Endotoxin at 1 eU/ml was completely ineffective even at high concentrations of TCT, while at 10 eU/ml there was a substantial inhibition of DNA synthesis at the upper concentrations of TCT. This is interesting because endotoxin at 1 eU/ml combined with the upper doses of TCT resulted in measurable nitrite accumulation and yet had no effect on DNA synthesis. In a similar manner, 0.1 M TCT in combination with 10 or 100 eU of endotoxin per ml had very little effect on DNA synthesis, even though at these concentrations there was notable nitrite accumulation. These results suggest that there is some threshold for NO⅐ production below which there is no effect on DNA synthesis. Such threshold effects have been observed in other NO⅐-dependent cytostatic responses (3). It is important to recognize that under physiological conditions, NO⅐ has a half-life of only seconds (14) , but the assay for accumulated nitrite is an indication of the total NO⅐ production over time. It is reasonable to assume that NO⅐ production must reach a substantial flux of production to achieve an inhibitory concentration.
Experiments performed with E. coli LPS revealed essentially identical results, with the same optimal levels of TCT and endotoxin (data not shown).
Synergistic induction of IL-1␣ by TCT/endotoxin. As we have described previously, TCT plus endotoxin can induce IL-1␣ production in HTE cells, and IL-1 is a strong inducer of iNOS activity in these cells (21) , as it is in many other systems (9) . Since it is likely that IL-1␣ is a key intermediate in the toxicity pathway, we wished to characterize the synergistic induction of IL-1␣ by TCT plus endotoxin and to place this step in the pathway relative to other signaling events. To obtain an early and sensitive indication of IL-1␣ induction, we used an RPA to assess the level of IL-1␣ mRNA (Fig. 2) . While exposure to TCT alone or LPS alone induced a small amount of IL-1␣ mRNA, the two signals combined had a synergistic effect. To assess the dependence of this induction on the synthesis of new protein, cycloheximide was included. Cycloheximide did not induce IL-1␣ mRNA by itself, and it did not inhibit the induction by TCT plus LPS; in fact, it seems that cycloheximide may enhance the level of IL-1␣ mRNA, in agreement with previous observations (28, 48) .
As previously described, IL-1␣ protein accumulates intracellularly in HTE cells treated with TCT plus LPS and can be detected by a bioassay of freeze-thaw lysates of treated cells (22) . We repeated these observations (using a different IL-1 bioassay), and in addition tested TCT alone and B. pertussis LOS alone. The production of IL-1␣ bioactivity demonstrated the same synergy between TCT and endotoxin as seen in the RPA; among three representative experiments, the combined signal of TCT (3 M) plus LOS (100 eU/ml) yielded IL-1 bioactivity at least 5.5-fold greater than the response to either Effects of the serine/threonine kinase inhibitor H7. Many endotoxin effects, as well as other processes that induce IL-1, have been shown to involve protein phosphorylation. To determine the potential involvement of protein kinases in the signal transduction pathways activated by TCT and endotoxin, we examined the effects of protein kinase inhibitors selective for serine/threonine kinases. Since kinase inhibitors have the potential of causing general cellular toxicity, their effects were assessed using a modified HTE cell toxicity assay. Using DNA synthesis as a measure of the inhibitors' general toxicity, each inhibitor was titrated to find the maximum concentration at which it was not inhibitory to the growth of the HTE cells; this maximal level is reflected in the concentration listed for each inhibitor in Fig. 3 .
As depicted in Fig. 3A , we found that kinase inhibitor H7 was capable of blocking the production of NO⅐ induced by TCT plus LPS almost completely. As shown in Fig. 3B , H7 also prevented the toxicity (i.e., the inhibition of DNA synthesis) caused by TCT plus LPS (also see Fig. 5 ). The drug by itself had little inhibitory effect on the HTE cells, as assessed by DNA synthesis, at concentrations up to 1 mM (data not shown).
H7 is widely regarded as an inhibitor of protein kinase C (PKC), but it is also effective at similar concentrations against cyclic AMP (PKA)-and cyclic GMP (PKG)-dependent protein kinases (23) . Therefore, we used a panel of inhibitors possessing greater selectivity for these kinases in an attempt to define the actual target of H7 in this system (Fig. 3) . The kinase inhibitors A3 and HA1004, which are more selective for PKA and PKG than for PKC (1, 26) , were completely ineffective in blocking the NO⅐ and DNA synthesis inhibition induced by TCT plus LPS. Somewhat surprisingly, the inhibitor calphostin C, which is very selective for PKC (30) , was also incapable of blocking the effects of TCT plus LPS. As a positive control for the activity of calphostin C in this system, we observed that it was capable of inhibiting PMA-stimulated effects (Fig. 4) . Furthermore, inhibitors of Ca 2ϩ /calmodulin-dependent kinase, FIG. 2 . TCT-LPS induction of IL-1␣ mRNA. HTE cells were exposed to TCT (3.2 M), LPS (100 eU/ml), cycloheximide (CH; 10 M), and H7 (100 M) in serum-free medium as indicated. After 4 h, total RNA was prepared and subjected to RPA analysis for IL-1␣. (A small remnant of undigested probe remains in all samples due to incomplete degradation of the DNA template used to transcribe the labeled RNA probe.) The protected IL-1␣ fragment runs slightly lower than the probe, due to noncomplementary vector sequence present at one end of the probe .   FIG. 3 . Effects of serine/threonine kinase inhibitors on TCT-LPS-induced DNA synthesis inhibition and nitrite production. HTE cells were treated with TCT (3.2 M) and LPS (100 eU/ml) (T/L) plus the kinase inhibitors H7 (320 M), HA1004 (1 mM), calphostin C (CalC; 32 nM), A3 (32 M), W7 (10 M), and trifluoperazine (TFP; 10 M). Inhibitor effects were assayed using the modified HTE cell toxicity assay as described in Materials and Methods, and DNA synthesis and nitrite production were assessed. In the case of nitrite production (A), the results shown are scaled relative to TCT-LPS-treated cells; in the case of DNA synthesis (B), the results shown are scaled relative to untreated cells (blank). The concentration chosen for each inhibitor was the highest tested concentration that did not cause significant toxicity by itself (Ͻ15% DNA synthesis inhibition relative to untreated cells [data not shown]). Essentially identical results were obtained for each inhibitor in at least three separate experiments. Similar results were observed in experiments in which the cells were pretreated with the inhibitors for 30 min prior to the addition of TCT and LPS (data not shown). Evaluation of the data by t test demonstrated that the nitrite and DNA synthesis effects caused by TCT-LPS plus H7 were significantly different than those caused by TCT-LPS (P Ͻ 0.001).
W7 (27) and trifluoperazine (44), also did not modulate the effects of TCT and LPS.
To establish the position of the H7-sensitive step within the signaling pathway of TCT plus LPS, we examined its effects on IL-1␣ induction. Using RPA as described above to examine the IL-1␣ mRNA levels, we found that H7 completely blocked the IL-1␣ induction caused by TCT plus LPS (Fig. 2) . The small amount of IL-1␣ mRNA induced by TCT alone or LPS alone (as shown in Fig. 2 ) was also blocked by H7 (not shown). These results indicate that the H7-sensitive step lies upstream of IL-1␣ induction.
Differential signaling effects by TCT and endotoxin. Even though the evidence from the PKC inhibitor calphostin C suggested that PKC was not involved in TCT-endotoxin signal transduction, we examined the effects of direct kinase activation in the HTE cell system with the phorbol ester PMA, which strongly activates PKC (39) . Using PMA, we obtained results that imply that TCT and endotoxin induce separate signaling pathways.
As shown in Fig. 4 , PMA had only a small effect on the production of NO⅐ by HTE cells, comparable to that caused by TCT alone or LPS alone. PMA also had no effect on DNA synthesis (data not shown). When PMA was used in combination with the toxins, though, differential effects were observed. The combination of PMA with LPS induced a high level of NO⅐, equivalent to that induced by TCT plus LPS (P ϭ 0.76 in t-test analysis). However, the combination of PMA with TCT induced very little NO⅐, approximately the sum of their individual effects. Thus, direct activation of PKC by PMA can provide a signal that effectively synergizes with LPS, comparable to the synergy of TCT with LPS. However, PMA cannot synergize with TCT. This observation is an indication that the signals induced by TCT are, at least partially, distinct from those induced by endotoxin. TCT must have some unique effects, which can be mimicked by PMA stimulation, that are necessary for the synergistic interaction observed with endotoxin.
The nitrite induction by PMA plus LPS also provided a positive control for the two kinase inhibitors used above, which are known to be active against PKC. H7 and calphostin C both inhibited the PMA-LPS induction of NO⅐, presumably by blocking PMA-stimulated PKC as expected (Fig. 4) . This is in contrast to the situation with TCT-LPS, in which H7 can inhibit the induction of NO⅐ by TCT-LPS, but calphostin C cannot (Fig. 3) .
H7 and the response to exogenous IL-1. To evaluate whether H7 was affecting only early signal transduction steps in the toxicity pathway, we bypassed the H7 blockage by triggering a downstream effector. As we have previously shown, exogenously added IL-1 can reproduce the effects of TCT plus endotoxin in HTE cells (22) . Therefore, we treated HTE cells with murine IL-1␤ in the presence of H7. As seen in Fig. 5 , while again H7 was able to inhibit both nitrite production and DNA synthesis inhibition induced by TCT plus LPS, H7 was ineffective in inhibiting the nitrite production and DNA synthesis inhibition induced by exogenous IL-1. This result provides evidence that there are no H7-sensitive steps downstream of the activity induced by IL-1. The experiment also demonstrates that exogenously added IL-1 is not activating the same early responses as TCT-endotoxin, in accordance with the concept of IL-1 working in an autocrine role to stimulate the induction of intracellular IL-1␣ through a pathway which is not sensitive to H7.
DISCUSSION
We have shown that two products of B. pertussis, TCT and endotoxin, can function in a synergistic manner to trigger inflammatory responses within respiratory epithelial cells. TCT and endotoxin were seen to be synergistic in the induction of   FIG. 4 . Synergy of PMA with LPS. HTE cells were exposed to TCT (1 M), LPS (100 eU/ml), and PMA (100 nM) in a modified HTE cell toxicity assay as described in Materials and Methods. Some samples included H7 (100 M) or calphostin C (cal C; 32 nM).
FIG. 5. H7 inability to block exogenous IL-1 toxicity. HTE cells were treated with TCT (1 M), LPS (316 ng/ml), or recombinant murine IL-1␤ (100 ng/ml), along with various doses of H7, in a modified HTE cell toxicity assay. Each data point is the mean of triplicate samples; standard deviation of each point was Ͻ10% of the mean.
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IL-1␣ mRNA and protein, production of NO⅐, and inhibition of DNA synthesis. While the synergy between TCT and endotoxin occurs at a relatively early step, the activity of the molecules was separable: TCT activity could be mimicked by activation of PKC, but the activity of endotoxin could not be replaced by PKC activation. Our observations also suggest that the signal transduction pathway utilized by TCT and endotoxin includes activation of an uncharacterized serine/threonine protein kinase. Figure 6 depicts a signaling model that is consistent with our findings. This work has also resulted in further correlative evidence for the involvement of IL-1␣ as a necessary intermediate in the toxicity pathway. Previously we reported that production of intracellular IL-1␣ is induced soon after treatment with TCT and endotoxin and that exogenously added IL-1 is capable of reproducing the effects of TCT and endotoxin on respiratory cells and explanted tissue (22) . In this report we conclude that the synergy between TCT and endotoxin occurs at a point upstream of IL-1␣ transcriptional activation. Furthermore, we observed that the kinase inhibitor H7, which blocked the downstream effects of TCT and endotoxin, also blocked the induction of IL-1␣. In all situations, the level of IL-1␣ induction was correlated to the level of iNOS induction and ultimate toxicity in HTE cells. These observations strongly support the idea that IL-1␣ is an essential mediator of TCT-endotoxin toxicity.
In the case of iNOS induction driven by exogenous IL-1, it is likely that intracellular IL-1␣ is still the key mediator, being induced in an autocrine fashion by exogenous IL-1 through a separate pathway that is not inhibited by H7. Indeed, we noted that exogenous IL-1 induced IL-1␣ mRNA in HTE cells (data not shown), in agreement with observations in other systems (33) . It is interesting to speculate how such an autocrine activation could play a role in the pertussis syndrome. As the ciliated cells are shed from the epithelium, it is possible that ruptured ciliated cells release a significant amount of IL-1, thus activating neighboring cells within the epithelium. While IL-1␤ must be processed by IL-1-converting enzyme to become biologically active, that is not the case for IL-1␣ (13) . Thus, release of IL-1␣ via the rupture of extruded cells may be an important mechanism for spreading and prolonging the damage to the tracheal epithelium caused by a B. pertussis infection.
The serine/threonine protein kinase inhibitor H7 was able to block almost completely the toxic effects of TCT and endotoxin. The H7-sensitive link in the signaling pathway is upstream of IL-1␣ induction, since H7 blocked IL-1␣ mRNA accumulation. However, the target of the inhibitor in the signaling pathway of TCT-endotoxin is not known. While PKC is a common target of H7, experiments using a more selective PKC inhibitor demonstrated that PKC is not involved in TCTendotoxin-mediated effects and that it is not the relevant target of H7 in this system. Inhibitors of other protein kinases for which H7 is also known to have inhibitory effects (PKA and PKG) failed to block toxicity. It is important to note that the ineffective kinase inhibitors we used may have failed to block toxicity for a variety of reasons; except for calphostin C, we did not demonstrate that the inhibitors were capable of blocking their putative targets in the HTE cells. However, the concentrations tested were all above the levels reported to be effective in other systems. Thus, the effects produced by TCT and endotoxin may be mediated by an uncharacterized H7-sensitive kinase, which is downstream of the synergistic combination of TCT and endotoxin signals.
There are reports in other systems of uncommon (i.e., not PKC, PKA, PKG, or Ca 2ϩ /calmodulin-dependent kinase) H7-sensitive steps in the signal transduction pathways leading to the activation of primary response genes. The autocrine induction of IL-1␣ depends on an H7-sensitive kinase that is distinct from PKC or PKA (34) . The activation of junB by IL-6 was shown to be dependent on an uncharacterized H7-sensitive kinase (37, 38) . In this case, later workers identified the H7-sensitive kinase as potentially being p90 rsk (50) . Finally, in studies of TCT [termed "G(Anh)MTetra"] in human monocytes, the induction of IL-1␤, IL-6, and granulocyte colonystimulating factor is inhibited by H7 but not by H8 (PKA inhibitor) or genistein (a protein tyrosine kinase inhibitor) (11). The conclusion from this work is that the H7-sensitive kinase is PKC, but no direct evidence was provided to implicate PKC versus another H7-sensitive kinase.
Synergy between endotoxin and muramyl peptides has been noted in other systems, but the activation of epithelial cells that we have described is unique. Most muramyl peptide-endotoxin studies have used MDP in monocytes/macrophages (M). For example, pretreatment of animals with MDP enhances the level of LPS-stimulated tumor necrosis factor alpha and tumorcidal activity, as well as enhancing the lethal effects of LPS (40, 41) ; similar synergy is seen in isolated macrophages (8, 32) . Other mediators produced in M by the synergistic combination of MDP and LPS include IL-1 (32), IL-6 (32, 45) , and nitric oxide (3). However, a major caveat in comparing these results in M to our observations in epithelial cells is that we know that MDP is inactive in both explanted hamster tracheal tissue and HTE cells (35) . Thus, there seems to be a difference in structural requirements for response to muramyl peptides between M and epithelial cells.
There are also a number of studies that have examined the effects of peptidoglycan preparations from gram-positive organisms upon M. These peptidoglycan preparations induce the secretion of IL-1 and IL-6 from murine and human macrophages (15, 46, 49) and also induce NO⅐ production (43) . However, the agonists in these M studies are polymeric peptidoglycan chains (average molecular weight [MW] of 125,000) or entire insoluble cell walls, while TCT is a single low-MW species (MW ϭ 921) which is a monomeric component of the peptidoglycan polymer. Furthermore, extensive structure-function studies of the peptide unit of TCT have shown that the FIG. 6 . Model of TCT and endotoxin signaling. TCT and LPS each act through cell surface receptors to induce differential signaling events, which combine synergistically to activate a unique H7-sensitive kinase. Direct activation of PKC by PMA can produce a signal that mimics TCT, in that it can synergize with LPS in the same manner as does TCT. However, TCT and LPS signaling pathways do not proceed via PKC, since the PKC-specific inhibitor calphostin C does not block effects of TCT and LPS but does block effects of PMA and LPS. The signaling pathway induces IL-1␣, causing induction of iNOS and the production of NO⅐, which leads to cytostasis. Note that while the PMA-stimulated pathway may not proceed through the same kinase as TCT and LPS, the depiction is consistent with our data.
side chain functional groups of the diaminopimelic acid are critical for epithelial activity (36) . However, in the gram-positive peptidoglycan used for the M studies, lysine typically takes the place of the diaminopimelic acid found in TCT; a TCT analog peptide containing such a gram-positive substitution is inactive in our respiratory epithelial cell system (35) . It could be imagined that the two molecules might be recognized by their similar saccharide structures; however, we have demonstrated that the disaccharide portion of TCT is completely dispensable for activity in respiratory tissue and HTE cells (35) . Therefore, it is unlikely that gram-positive peptidoglycan and TCT activate cells by interacting with the same recognition site.
Finally, there are some studies of M activation by natural, low-MW peptidoglycan fragments like TCT, but they are distinguished primarily by the lack of TCT-endotoxin synergy which we observe in epithelial cells (10, 11) . For example, both TCT alone and LPS alone induce IL-1␤ and IL-6 in human monocytes, but in those cells the effects of TCT plus LPS are less than the sum of the individual effects (11), unlike the synergy observed in our epithelial cell system. In the murine macrophage-like cell line RAW264.7, TCT alone is not capable of inducing NO⅐, nor does it augment the NO⅐ induced by suboptimal doses of LPS in this cell line (data not shown). Taken together, these observations indicate that epithelial cells and M may recognize different structural features within peptidoglycan and that epithelial cells may have a more strict requirement for dual activation by peptidoglycan and endotoxin.
The synergistic activation of epithelial cells described in this study by a natural muramyl peptide and endotoxin may represent a unique and important mode of nonspecific mucosal immunity. Most gram-negative bacteria contain monomeric peptidoglycan pieces comparable to TCT, which are released in small amounts (18) . Furthermore, processing by macrophages of phagocytosed bacteria results in production of TCT and similar molecules (but not MDP) (47) . The presence of endotoxin would also be expected during a bacterial infection. These factors may combine synergistically to activate a localized antibacterial nitric oxide response from epithelial cells. It is possible that some bacteria like B. pertussis have evolved to take advantage of this system by releasing a large amount of peptidoglycan pieces, thus overstimulating the defense system to autotoxic levels. In the case of pertussis, the resulting ciliated cell damage compromises the natural airway clearance mechanism, and the corresponding coughing reaction becomes an efficient means for disease transmission.
